Abstract The objective of this study was to estimate the aggregate burden of maternal binge drinking on preterm birth (PTB) and low birth weight (LBW) across American sociodemographic groups in 2008. To estimate the aggregate burden of maternal binge drinking on preterm birth (PTB) and low birth weight (LBW) across American sociodemographic groups in 2008. A simulation model was developed to estimate the number of PTB and LBW cases due to maternal binge drinking. Data inputs for the model included number of births and rates of preterm and LBW from the National Center for Health Statistics; female population by childbearing age groups from the U.S. Census; increased relative risks of preterm and LBW deliveries due to maternal binge drinking extracted from the literature; and adjusted prevalence of binge drinking among pregnant women estimated in a multivariate logistic regression model using Behavioral Risk Factor Surveillance System survey. The most conservative estimates attributed maternal binge drinking to 8,701 (95 % CI: 7,804-9,598) PTBs (1.75 % of all PTBs) and 5,627 (95 % CI 5,121-6,133) LBW deliveries in 2008, with 3,708 (95 % CI: 3,375-4,041) cases of both PTB and LBW. The estimated rate of PTB due to maternal binge drinking was 1.57 % among all PTBs to White women, 0.69 % among Black women, 3.31 % among Hispanic women, and 2.35 % among other races. Compared to other age groups, women ages 40-44 had the highest adjusted binge drinking rate and highest PTB rate due to maternal binge drinking (4.33 %). Maternal binge drinking contributed significantly to PTB and LBW differentially across sociodemographic groups.
Introduction
Heavy drinking by pregnant women is associated with a range of adverse consequences to the developing fetus. The most studied adverse outcome is fetal alcohol syndrome (FAS). When infants exposed to alcohol prenatally do not meet the criteria of diagnosis of FAS, there are still significant short and long-term impacts on behavioral and cognitive development, usually classified as fetal alcohol spectrum disorders (FASDs) [1, 2] . Research indicates that approximately 1-3 % of all children born in the U.S. are affected by alcohol [3] . About 130,000 pregnant women each year drink at levels that significantly increase the risk of having a child with FASD [4] .
Preterm birth (PTB), defined as gestational age of \37 completed weeks, is a growing public health problem. Preterm infants have a higher risk of short and long-term health complications [5] [6] [7] [8] compared to babies born near term. The U.S. PTB rate rose by more than one-third from the early 1980s through 2006 and despite a moderate decline thereafter, remained at 12.3 % in 2008 [9] [10] [11] . A high overlap in preterm and low birth weight (LBW, defined as \2,500 g) deliveries exists. Hence, U.S. trends in LBW incidence are similar to that of preterm, reaching 8.1 % of live births in 2008 [9] . Persistent disparities in PTB and LBW among different race/ethnicity groups are a public concern [7, 12] . Risk factors for PTB and LBW are multiple, including biological, behavioral, and psychosocial effects; medical and pregnancy conditions; role of gene-environment interactions; and unfavorable sociodemographic and community characteristics [7] .
Alcohol misuse is a leading risk factor for many adverse health and social outcomes [13] . Heavy drinking by pregnant women is associated with adverse consequences particularly harmful to the fetus [14] [15] [16] [17] [18] . Prenatal alcohol exposure has been found to result in restricted growth of the fetus, prematurity, and LBW [8, [19] [20] [21] .
Research shows that the impact of prenatal alcohol exposure follows a dose-response curve related to the frequency and amount of consumption during pregnancy [22, 23] . Early studies found that only women with high alcohol consumption levels (e.g., C5 drinks per occasion at least once a week) had elevated odds for preterm delivery [24, 25] . Later studies found that the relationship between PTB and various levels of alcohol consumption followed a J-shaped curve [8, 21, [26] [27] [28] [29] , where low levels (e.g., 1-2 drinks/week) of alcohol consumption had no effect on PTB. As alcohol consumption increased past certain thresholds (C10 drinks/week [27] ), the risk of PTB increased. Another study found that prenatal alcohol consumption was associated with elevated risk for PTB even with consumption of 1-2 drinks/week [30] . Studies have found a similar dose-response relationship between alcohol consumption and LBW [31] [32] [33] [34] . While the exact effect of maternal drinking on PTB and LBW is not known, it is has been explained as a result of elevated levels of prostaglandins in the fetal tissues, which contribute to the initiation and progression of labor [30, [35] [36] [37] [38] .
The Institute of Medicine acknowledged ''a lack of progress in understanding causes and prevention'' of PTB [7] . Little is known about how much each risk factor contributed to the total burden of PTB and LBW. This study focuses on one particular risk factor that has been attributed to PTB and LBW in individual studies: maternal binge drinking. We attempted to aggregate the problem to the national scale by estimating the magnitude and distribution of PTB and LBW across race and age groups in the U.S. as a result of maternal binge drinking.
Methods
Conceptually, the burden of PTB or LBW due to maternal binge drinking is the difference between the number of PTB/LBW cases due to all causes in the real world and the number of cases in a hypothetical world free of maternal binge drinking, ceteris paribus. In order to estimate the number of PTB or LBW due to maternal binge drinking, we performed four major tasks (to be further explained below): conducting a systematic literature review; preparing data; estimating the adjusted prevalence of maternal binge drinking across sociodemographic groups; and developing a simulation model that ''counts'' the number of PTB/LBW cases due to maternal binge drinking under different scenarios.
Systematic Literature Review
The primary purpose of the systematic review was to determine if sufficient evidence exists of the causal relationship between maternal drinking and PTB and LBW. To identify relevant studies, the initial inclusion criteria were that the study was (1) published in English in a peer-reviewed journal; (2) included relevant definitions and measures of maternal drinking, prematurity, and LBW; (3) controlled for confounding factors; (4) reported quantitative results; and (5) studied a population in a developed country.
Our key word selections were based on the Medical Subject Headings (MeSH), which has a hierarchical structure with definitions of each entry item and the equivalent entry terms, thus providing a convenient way for retrieving studies that may use different terminologies for the same concept. The search was conducted in three rounds (see Fig. 1 ). In round one, we searched in PubMed using broad key search terms, resulting in 2,525 studies. After screening by title and abstract, 44 studies were kept. Round two reviewed ''Related Citations'' in PubMed and found 6 additional articles. In round three, the references of each of the 50 initially accepted papers were checked and 23 more studies were found. Final screening involved reading full texts, considering strengths and weaknesses of each study, and debating among the research team. Sixteen articles were selected to extract the quantitative results for our analyses [8, 25-30, 33, 39-46] . The search was conducted during June-August of 2011.
The systematic review provided sufficient evidence that prenatal alcohol elevated the risk for PTB and LBW. However, with regard to the effect size, there is no uniform conclusion across studies due to large heterogeneity in study designs, data samples, dose and timing of prenatal alcohol exposure, confounding factors, and other issues. Formal meta-analysis techniques could not be used to obtain a precise estimate of the magnitudes of the effect. We therefore used a range of estimated increased risks of PTB and LBW. Risks of PTB and LBW reported in odd ratios (ORs) were converted into relative risks (RRs) [47] .
Data
To estimate the prevalence of maternal binge drinking, we used data from the Behavioral Risk Factor Surveillance System (BRFSS), which is an annual cross-sectional telephone survey, including various questions about alcohol use behaviors in the past 30 days and pregnancy status. Since BRFSS included only adults aged 18 and above, we used data from the Monitoring the Future survey [48] to account for binge drinking among girls ages 15-17. We then used data from the National Center for Health Statistics and Census [49] for the number of live births and number of women ages 15-44. Numbers and rates of PTB and LBW due to all causes were obtained from a National Vital Statistics Report [50] . Lastly, the range of RRs of PTB and LBW due to maternal drinking came from the literature.
Estimation of Adjusted Prevalence of Maternal Binge Drinking
Though we aimed to estimate the burden of maternal drinking for 2008, 4 years of BRFSS data (2006) (2007) (2008) (2009) were combined to increase the sample size and improve the precision of estimates when stratifying by race/ethnicity and age cohorts. Data before 2006 could not be used as the definition of binge drinking among women in BRFSS changed from five drinks in the early years to four drinks in 2006. The analytic sample included 11,500 pregnant women ages 18-44. A multivariate logistic regression model was used to estimate the adjusted drinking prevalence. The dependent variable was a binary measure of binge drinking, defined as consuming C4 drinks on an occasion during the past 30 days. The explanatory variables included education levels (no high school, high school, some college, college), race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, Other), age group (18-24, 25-29, 30-34, 35-39, 40-44) , income levels (high, middle, low), marital status (married or member of an unmarried couple versus other), employment status (working for wages or self-employed versus other), smoking (current smokers versus other), and state of residency (to control for changing survey participation by states over time).
To generalize the findings to the overall population, sampling weights were used to adjust for differences in the probability of selection of respondents in each survey population attributable to the sampling design and for differential response rates among sub-populations. Statistical estimations were conducted in Stata 11.0.
Simulation Model
A simulation model was developed to estimate the total number of birth outcomes (PTB or LBW) due to maternal binge drinking in the U.S. population. The simulation flow is depicted in Fig. 2 . The simulation begins with an initial population, composed of births from women ages 18-44 in 2008. Each birth is assigned two demographic attributes, race/ethnicity and the mother's age cohort (we assume that the mother's race is the same as the infant). The race/ethnicity groups include non-Hispanic White, non-Hispanic Black, Hispanic, and Other. The age cohorts are 18-24, 25-29, 30-34, 35-39 and 40-44 . This initial path is represented by the bold line in Fig. 2 . At this point, each birth takes two paths. The top path, represented by the dashed line, is independent of maternal drinking behavior. Each birth is assigned an ''All-Cause'' risk of a birth outcome (PTB/LBW due to all causes) which can be stratified by race/ethnicity or age cohort. Each realized birth outcome due to ''All-Cause'' is added to a counter. The bottom path, represented by the solid line, considers maternal binge drinking behavior. For each birth, the simulation determines whether the mother participated in binge drinking, and the likelihood of this event depends on the mother's race/ethnicity and age, adjusted for other factors (explained in the regression model). If the mother does not binge drink, the birth is assigned a risk of a birth outcome ''Without BD'' (PTB/LBW due to all causes except binge drinking). Having obtained the prevalence of PTB/LBW due to all causes, prevalence of maternal binge drinking, and increased risk of PTB/LBW due to maternal binge drinking, the probability of PTB/LBW without binge drinking was estimated using Bayes rule. Each realized birth outcome ''Without BD'' is added to a counter. Because the literature review provided a range of the increased risks of PTB and LBW as consequences of maternal binge drinking, different thresholds of elevated risks were used in the simulation model. The total number of birth outcomes due to binge drinking is computed by taking the difference of the two counters.
Model variability comes from two sources. First, the patient attributes and PTB/LBW all-cause probabilities are drawn from discrete distributions. Secondly, the 95 % confidence interval (CI) around the adjusted prevalence of maternal binge drinking is estimated from a statistical model (described above). The adjusted prevalence is a sample mean and its sampling distribution is normally distributed given the sample size. In the simulation, the same birth progresses through both paths, thus the same random number stream is used to generate the patient attributes, thereby eliminating any variance attributable to different patient characteristics. This technique results in tighter confidence intervals around the output (number of PTB/LBW) [51] . The model was implemented using Rockwell's simulation software Arena 13.5. BRFSS is a telephone-based survey that relies on selfreports. Alcohol use, especially binge drinking during pregnancy, is subject to recall and social desirability response biases [52] [53] [54] . The sensitivity analysis included two assumed levels of under-report (20 and 50 %) of binge drinking during pregnancy at two thresholds of RRs (1.2 and 1.5). BRFSS only covers adults, thus missing girls ages 15-17. Using data from Monitoring the Future [50] , we estimated the prevalence of binge drinking rate among young girls and its impact on PTB and LBW deliveries. Table 1 3-1.9 ), respectively, due to binge drinking and the RRs converted from ORs. A study published after the systematic review was completed supports our range of RR for PTB [55] . Converted RRs from this study were 1.7 (for 3-4 alcoholic drinks/week) and 1.9 (for C5 alcoholic drinks/week). Panel B provides the input measures for our sensitivity analysis of women ages 15-17. Table 2 presents the descriptive statistics of the analytic sample from BRFSS which included 11,500 pregnant women ages 18-44. The unadjusted rate of binge drinking is 1.3 % among all pregnant women. Table 3 presents results from the multivariate logistic regression model. This is the base model that is used to estimate the adjusted prevalence of binge drinking discussed previously. Hispanic women are most likely to binge-drink compared to other race groups after adjusting for age, education, income, marital status, smoking, and employment status.
Results

Simulation Results
The simulation was initiated with 4,067,113 live births (see Table 1 .A.1). We ran the simulation using various RRs of PTB (1.2, 1.5, 1.7, 2.0) ; results were stratified by race/ ethnicity and age cohort. Next, estimates were made using different levels of RR of LBW (1.3, 1.5, 1.7, 1.9) while holding RR of PTB at 1.2. Each scenario ran for 10 replications and 95 % CIs on the mean of the 10 replications were computed. Figure 3 shows the estimated number of PTBs (bars with 95 % CIs) and the rate of PTB (line graph) due to binge drinking in 2008 to women ages 18-44 by age cohort for RR of 1.2. Women ages 18-24 had the highest number of all-cause PTBs (167,227 ± 278) of which 2,825 ± 340 cases were attributed to alcohol use at binge levels. Women ages 40-44 had the smallest number of PTBs (736 ± 77) but the highest rate (4.33 %) due to binge drinking. The distribution of PTBs across age cohorts for less conservative RRs is similar to that in Fig. 3 . While births from those ages \17 and [45 were excluded in our main analysis, this exclusion does not substantially affect the estimated numbers because women ages [45 had a very low birth rate (0.7 per 1,000 for those 45-54 with only 7,666 births in 2008) and inclusion of girls ages \17 only changes the number marginally as shown in the sensitivity analysis.
It is important to validate our estimated numbers. Table 4 also shows the actual numbers of PTBs in the U.S. due to all causes at the population level and by race/ethnicity. As shown, the 95 % CIs around our estimates capture the actual numbers of PTBs at the population level and within each race/ethnicity group (and additionally by age cohort but not shown in Table 4 ). We also validated the number of all-cause LBW cases (actual = 329,910; estimated = 330,002 ± 348).
Regarding the impact of maternal binge drinking on LBW, our analysis estimates 330,002 ± 348 cases of LBW due to all causes. The most conservative estimate (LBW RR = 1.3) results in 5,627 ± 506 LBW cases or 1.71 % of all LBW cases attributable to maternal binge drinking (Fig. 4) . For less conservative RRs for LBW (1.5, 1.7, 1.9) the estimated number of LBW cases due to binge drinking Matern Child Health J (2013) 17:677-688 683 were 6,438 ± 509, 7,636 ± 496, and 8,429 ± 504. Additionally, the number of LBW infants who were also preterm due to all causes was 217,472 ± 230. An estimated 3,708 ± 333 cases of both PTB and LBW were due to maternal binge drinking for the most conservative RRs (LBW RR = 1.3, PTB RR = 1.2; Fig. 4 ). An estimated 4,243 ± 336, 5,032 ± 326, and 5,555 ± 332 cases of both PTB and LBW were due to binge drinking during pregnancy for LBW RR of 1.5, 1.7, and 1.9, respectively.
Sensitivity Analysis Results
Under-report of binge drinking during pregnancy was considered in a sensitivity analysis. As shown in Table 5 , the two lower RRs of PTB (1.2, 1.5) were used in two scenarios, 20 and 50 % under-report of binge drinking during pregnancy. In the 20 % under-report scenarios, there is no statistically significant change in the estimated number of PTBs. Base-case estimates were 8,701 ± 898 (RR = 1.2) and 10,710 ± 897 (RR = 1.5) compared to 9,947 ± 508 (RR = 1.2) and 11,965 ± 513 (RR = 1.5) at 20 % under-report. In the 50 % under-report scenario, the estimated number of PTBs increased to 15,169 ± 651 (RR = 1.2) and 17,132 ± 625 (RR = 1.5).
To capture the impact of maternal binge drinking by women ages 15-17, we obtain Census estimates for the total number of women of all races ages 15-17 and corresponding number of live births in 2008 as 6,304,328 [48] and 135,709 [49] , respectively. This corresponds to a birth rate of 21.5 per 1,000. We use the all-cause PTB rate of 14.1 % as reported for women ages B20 [11] . For this age group we cannot use BRFSS to estimate the adjusted prevalence of maternal binge drinking. However, the prevalence of binge drinking among senior girls according to Monitoring the Future [48] is 21.5 %. If we assume that of those who binge drink, the same proportion binge drink while pregnant as 18-24 year olds as derived from BRFSS, we obtain 1.40 % as the prevalence of maternal binge drinking among girls ages 15-17. With these estimates the simulation shows that 307 ± 104 PTBs are due to maternal binge drinking, assuming the most conservative RR (1.2). If we assume that girls 15-17 are less likely to be aware of being pregnant and that among those who binge drink, the proportion of those that binge drink while pregnant is twice that of 18-24 year olds (resulting in a prevalence of maternal binge drinking of 2.8 %), then an estimated 359 ± 100 PTBs are due to maternal binge drinking. 
Discussion
Maternal binge drinking is a cause of many adverse birth outcomes and fetal health problems [1, 2] . To our knowledge, this is the first study that attempts to quantify the magnitude of PTB and LBW related to binge drinking during pregnancy. We found that maternal binge drinking accounted for a large proportion of PTB differentially across sociodemographic groups. Non-Hispanic black women had the highest PTB rate (17.4 %) but the lowest maternal binge drinking rate (0.6 %) and lowest rate of PTB due to maternal drinking (0.69 % for RR = 1.2). This finding is somewhat surprising as recent research suggests that differences in drinking cessation between black and white women who become pregnant partially explain the disparity in fetal alcohol syndrome rates: White women are more likely to reduce or quit their drinking when pregnant [56, 57] . Hispanic women, contrarily, had the highest maternal binge drinking rate (2.8 %) and highest rate of PTB due to maternal binge drinking (3.31 % for RR = 1.2). This finding is different from that of a recent study that estimated alcohol use among pregnant and nonpregnant women of childbearing age using BRFSS data from 1991 to 2005 where the rates were not significantly different between Whites and Hispanics [58] . One possible explanation is that our study used data from 2006 to 2009 when the definition of binge drinking changed from 5 to 4 drinks per occasion for women. It is also possible that there has been a change in drinking behaviors among pregnant women in these two race/ethnicity groups. Our findings are, however, in agreement with another study that finds Hispanic women are less likely to quit drinking while pregnant [57] . Compared to other age cohorts, women ages 40-44 had the highest adjusted binge drinking rate (3.8 %) and highest PTB rate due to maternal drinking (4.33 % for RR = 1.2). Interestingly, inclusion of younger women ages Parentheses denote rate of preterm due to binge drinking (calculated by dividing the estimated number due to binge drinking by the estimated number due to all causes)
CI confidence interval, RR relative risk 15-17 does not considerably impact the total number of PTBs due to binge drinking. This is not to say that binge drinking is not an issue among this age group. This lack of impact may reflect only the two particular health outcomes examined in this study and the preterm and low birth rates among this age cohort. Our study is subject to limitations. First, the validity of our estimates depends on the quality of previous studies' estimation. Second, the data samples in the selected studies from the literature may not represent the U.S. population. Third, we considered only binge drinking behavior. Birth outcomes, including PTB and LBW, depend on the intensity and duration of alcohol use at various stages of pregnancy. Different studies used different measures of maternal drinking. Thus, some of the RRs chosen were associated with lower levels of drinking or drinking level was not specified in detail. Looking at a range of RRs helped to account for some of this variability. We felt that adopting one drinking measure is necessary for the already complex estimation task. Fourth, biases in self-reporting of alcohol use during pregnancy are probably differential across socio-demographic groups; however, no prior study to provide possible differential levels of underreporting was available. We adopted uniform levels of under-reports for all sociodemographic groups. Results from the sensitivity analysis, assuming 20 % under-report of binge drinking, do not statistically change the estimates; thus, differential under-report levels would be unlikely to affect our estimates.
One in eight babies is born too soon in the U.S. [59] . Quantification of the effect of maternal drinking is an important step in deciding how to plan and target services to the subpopulation most in need. Further studies to estimate burden of other risk factors on PTB and LBW are warranted.
